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Abstract 
The inadequate thermal performance of existing buildings and ventilation strategies in buildings are currently the biggest 
challenges for the housing sector in Central and Eastern Europe in the context of addressing the sustainability and health of the 
built environment. Lack of adequate ventilation of indoor spaces causes poor air quality and a higher incidence of sick building 
syndrome (SBS), which is manifested by affecting the comfort and wellbeing in the living space. Ensuring high energy 
performance buildings and indoor air quality is efficiently approached by limiting emissions from sources or by partial 
neutralization of the pollutants, an important stage being the establishing specific emissions levels by performing monitoring 
studies of indoor air quality. In this context, the paper presents experimental studies focused on monitoring the concentrations of 
volatile organic compounds, inorganic compounds and particulate matter, from indoor air in residential spaces located in the 
urban area of Bucharest, Romania. The obtained results highlight the fact that in analysed spaces there are concentrations of 
pollutants whose values should be considered to improve the indoor air quality while addressing effectively the upgrade of 
energy performance in buildings. 
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1. Introduction 
Indoor Air Quality assurance is done mainly through the air exchange between interior and exterior. In addition to 
organic and inorganic pollutants in particulate matter (which have a direct impact on human health), the main 
problem affecting indoor environment of a building is water vapor and carbon dioxide (emissions from building 
occupants). The air permeability of a building / functional units is particularly important both in terms of energy 
(reducing consumption of energy in the operation of buildings by limiting the number of air changes) and to ensure 
conditions for thermal comfort and physiological occupant (ensuring air flow necessary to maintain concentrations 
of substances harmful to human health, within reasonable limits). Reducing air permeability of buildings through the 
use of very tight closure elements (especially insulated glazing and wall paneling material very slightly permeable to 
air and water vapor) has major implications for indoor air quality by increasing the concentration of water vapor and 
carbon dioxide produced by human metabolism etc. The users behavior in condominiums, while reducing the heat 
supplied through installation of central heating (closing the radiator thermostatic valves) and using the cooking 
appliances with open flame to increase the interior temperature, rise in the indoor air both the moisture content and 
the concentration of harmful gases, for example carbon monoxide and dioxide. 
This will occur more frequent and with a stronger impact when the building envelope is airtight (having insulated 
glazing systems) and in the context of a poor standard of living, falling within the accepted definition of poverty to 
fuel (a household is in the situation of fuel poverty when thermal comfort inside the dwelling cannot be provided 
with affordable cost of family income). 
In this case, lack of adequate ventilation of occupied spaces contributes to an increased incidence of sick house 
syndrome (SBS - sick building syndrome). In simple terms, SBS is manifested by affecting the comfort and 
wellbeing of living space. Basically, a sick building is also characterized by low energy efficiency, the result of 
flaws in design, implementation and use of the building and in particular of the building systems. 
2. Materials and methods 
The residential spaces that were investigated from the point of view of indoor air quality were selected based on 
the area where they are located, being selected a building located relatively far from the traffic and a building 
located next to a high traffic arteries. Interior spaces were chosen on the assumption that in the kitchen areas there 
are many sources of emissions and the rest area (bedroom) is most importance space, where emissions must be 
minimized. Pollutant concentration measurements were performed in situ, both in lack of any activity conditions and 
in the case of carrying out normal activities, while the space ventilation was of natural type. 
Residential space no. 1 is unit from a building with ground floor plus three floors, located in an urban area. 
Indoor analyzed spaces are northern orientation relative to the cardinal points. Internal and external walls are made 
of hollow brick, the windows are made of PVC profiles with double glazing and the doors are wooden made. For the 
decoration of bedroom walls interior waterborne paint was used and the floor is made of solid wood flooring. The 
kitchen has both walls and floors finished with glazed ceramic tiles. Residential spaces no. 2 and no. 3 are located in 
a building next to high traffic streets, with East orientation, no. 2 at second floors and no. 3 at ninth floors of the 
building. Internal and external walls are made of a mixed structure, frames and diaphragm walls from reinforced 
concrete and closures from AAC (autoclaved aerated concrete) blocks. The windows are made from Al and PVC 
profiles and the doors are wooden made. The waterborne paints were used for decoration of wall bedrooms and the 
glazed ceramic tiles for walls and floors of kitchens. 
The pollutants, selected based on their effects on human health, were monitored using a direct detection method 
and the portable data-logging detector - Gray Wolf Direct Sense IQ-610 equipment, a device with photo-ionization 
detector (PID) for VOCs [5], and Gray Wolf Direct Sense TG-501 equipment, based on electrochemical principle, 
for nitrogen oxides, sulfur dioxide, ozone and carbon monoxide. Carbon dioxide and the parameters of indoor air 
(temperature and relative humidity) have been recorded using sensors based on NDIR (Non-dispersive infrared) 
principle, by thermal resistance Pt100 and by capacitive principle, and a portable particle optical counter used for 
particulate matter, of which general principle of operation is based on the phenomenon of scattering. The equipment 
can display the concentrations in ppm, ppb and μg/m3 units. The calibration of the equipment was performed before 
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the start of the measurements. All devices used can identify and record, in real time, the concentrations of relevant 
compounds. 
The ventilation of analyzed spaces is performed by windows opening and by infiltrations. The measurement of 
the actual ventilation rate could not be performed during the experimental analysis, but was estimated based on the 
air permeability of the building envelope from previous studies [3].  
3. Results and discussions 
The results have been obtained in three different monitoring campaigns: March-May 2014 for recording the 
VOCs values, March-April 2015 for inorganic compounds and September-October 2014 for particulate matter. 
Measurements were carried out in normal operating conditions, using only natural ventilation. 
The variety of chemical emission in indoor air of residential spaces located in urban areas, is the result of 
carrying different activities and occupancy levels. These emissions can be generated by cleaning products, paints, 
adhesives, coolants, furniture, some with hazardous properties (flammable, corrosive and mutagenic effects) [1]. 
At the end of the monitoring program, it was observed that in all three analyzed residential spaces, the different 
concentrations of volatile organic compounds in indoor air are in the permissible limits, as presented in table 1. 
Table 1. Summary of the volatile organic compounds in the indoor air 
Monitored compound 
The monitoring 
period:  
March – May 2014 
Average value (min/max) Permissible 
exposure 
limits 
(PELs) 
ppm 
Residential 
space 1 
kitchen 
Residential 
space 2 
kitchen 
Residential 
space 3 
kitchen 
Residential 
space 1 
bedroom 
Residential 
space 2 
bedroom 
Residential 
space 3 
bedroom 
 
o-xylene, ppm 0,1 (0,1/0,2) 0,2 (0,1/0,2) 0,1 (0,0/0,1) 0,1 (0,1/0,1) 0,3 (0,0/0,4) 0,1 (0,1/0,2) 100 
        
Acetaldehyde, ppm 1,8 (1,2/2,7) 2,5 (1,2/4,8) 5,6 (1,9/23,3) 2,9 (1,7/8,1) 1,4 (0,3/2,0) 3,1 (2,3/5,2) 200 
        
1,3 butadiene, ppm 0,2 (0,1/0,2) 0,1 (0,0/0,3) 0,1 (0,1/0,2) 0,3 (0,1/0,5) 0,4 (0,1/1,0) 0,1 (0,0/0,2) 1 
        
2-butoxietanol 1,0 (0,2/2,8) 0,3 (0,2/0,6) 0,3 (0,2/0,4) 0,2 (0,2/0,3) 0,1 (0,1/0,1) 0,3 (0,1/0,4) 50 
        
n,n-dimethyl 
acetamide, ppm 
0,2 (0,1/0,2) 
0,01 
(0,0/0,1) 
0,2 (0,1/0,4) 0,1 (0,0/0,1) 0,1 (0,1/0,1) 0,1 (0,0/0,2) 10 
        
1,1-dichloroethene, 
ppm 
0,6 (0,2/1,0) 0,1 (0,1/0,3) 0,4 (0,2/0,8) 0,2 (0,1/0,3) 0,02 (0,0/0,1) 0,2 (0,1/0,4) 100 
        
CO2,ppm 1306 
(1036/2802) 
931 
(570/2582) 
1256 
(557/2910) 
1170 
(672/1706) 
1116 
(552/2241) 
898 
(538/1322) 
800 
   3     
CO, ppm 1,7 (0,7/3,8) 0,9 (0,1/6,7) 3,1 (0,4/16,5) 0,9 (0,4/2,7) 1,5 (0,3/3,0) 1,1 (0,1/2,3) 9 
        
T, °C 23,2 
(21,3/24,2) 
24,1 
(21,8/25,2) 
24,0 
(21,3/25,5) 
25,5 
(23,3/26,5) 
25,4 
(24,1/26,2) 
24,3 
(22,4/26,5) 
- 
        
RH, % 49,8 
(39,0/78,3) 
41,3 
(36,4/49,4) 
51,2 
(39,9/72,2) 
37,7 
(28,2/43,9) 
40,0 
(35,8/49,9) 
50,2 
(36,5/59,8) 
- 
 
An example for time variation of acetaldehyde and carbon dioxide concentrations and the variation of 
temperature and relative humidity values is presented in figure 1, for a sample measurement period. 
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Figure 1 Time variation of acetaldehyde and carbon dioxide concentrations and the variation of temperature and 
relative humidity values 
The reduced concentrations of volatile organic compounds in indoor air compared with the permissible limits 
(table 1) could be explained by the low emissions from relevant internal surfaces finishing or furniture, taking into 
account that in the monitored spaces no recent renovation works were performed or no new furniture was 
introduced. On the other hand, the high values of CO2 and in some spaces CO (e.g. kitchen 3) are explained by the 
use of cooking machines without adequate ventilation measures, in the conditions of overall low ventilation rate in 
the apartment. 
The values of carbon dioxide concentration monitored during March-May 2014 campaign, in spaces where 
indoor activities are generating carbon dioxide by burning process (e.g. cooking in kitchens), are summarized in 
table 2. High concentrations of carbon dioxide were recorded, over the limit allowed in indoor air. Also this 
concentration depends on the number of occupants (3 in spaces 1 and space 2, and 5 occupants in space 3). The 
same high concentrations of carbon dioxide are found in the bedroom, leading to the conclusion that these spaces are 
deficient in terms of ensuring the necessary ventilation and fresh air. 
During of the cooking activities in residential space 1 - kitchen, the highest nitrogen monoxide and ozone 
concentration values were recorded. In this case, the potential source of generation can be represented by heating 
unit used in cooking. In the case of carbon dioxide concentration it was observed the highest value for residential 
space 3 – kitchen when occupants are present and conducting cooking activities. It is noted that this inorganic 
compound was present in high concentrations in residential space 1 in bedroom, the potential source of generation 
being the personal computer which was in operation followed secondarily by the number of present occupants (2 
persons). The levels recorded for carbon monoxide in this campaign analyzed spaces, are generally within the 
permissible limits (with two observed peaks for kitchen 3 and bedroom 1 – near kitchen 3). 
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     Table 2. Summary of the inorganic compounds in the indoor air 
Monitored 
compound 
The 
monitoring 
period: March 
– April 2015 
Average value (min/max) Permissible 
exposure limits 
(PELs) 
Residential 
space 1 
kitchen 
Residential 
space 2 
kitchen 
Residential 
space 3 
kitchen 
Residential 
space 1 
bedroom 
Residential 
space 2 
bedroom 
Residential 
space 3 
bedroom 
 
        
SO2,μg/m3 19,2  
(0/1446,80) 0 0 
40,9 
 (0/789,60) 0 0 - 
        
NO,μg/m3 183 
(20,9/1280,10) 
54,1 
(0/282,80) 
32,5 
(0/1161,6) 
96,7  
(0/571,60) 
81,6 
(10/192,90) 
16,2 
(0/42,9) 
- 
        
O3, μg/m3 36,73 
 (0/757,14) 
18,85 
(0,57/215,38) 
1,56  
(0/59,66) 
5,50 
 (0/75,16) 
1,70  
(0/11,0) 
4,06 
(0/20,55) 
- 
        
CO2,ppm 1612,47 
(1415/1914) 
1128 
(811/1740) 
2490 
(1290/3839) 
2102,63 
(1491/3246) 
1282 
(1062/1815) 
1417 
(1216/1643) 
800 
        
CO, ppm 2,29  
(1,80/3) 
1,2  
(0,3/3,1) 
9 
(2,1/18,7) 
4,13  
(1,60/13,30) 
1,19 
(0,50/2,20) 
2,2  
(1,5/3,1) 
9 
        
T, °C 26,71 
(24,90/27,60) 
26,10 
(24,50/26,90) 
25,9 
(24,0/26,5) 
26,12 
(23,80/27,90) 
26,45 
(24,80/27,30) 
25,6 
(24,4/25,8) 
- 
 
        
RH, % 
29,58 
(27,70/36,30) 
36,61 
(29,40/51,00) 
53,9 
(42,5/66,4) 
34,48 
(28,10/41,40) 
28,87 
(24,50/36,70) 
34,2 
(32,2/37,9) 
- 
 
An example for time variation of nitric oxide and ozone concentrations and the variation of temperature values is 
presented in figure 2. 
 
Figure 2 Time variation of nitric oxide and ozone concentrations and the variation of temperature values 
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Regarding of the existing concentrations of particulate matter in indoor air, numerous studies [6, 7, and 10] 
indicates that these may affect occupant health even at very low values [11], making it very difficult to set a 
threshold concentration below which there are no effects on health. The magnitude of the effect is proportional to 
the concentration of breathable fraction of solids of mixed sizes. 
Table 3. Summary of the particulate matter in the indoor air 
Monitored compound 
The monitoring period: 
September – October 
2014 
Average value (min/max),  
 
Residential 
space 1 kitchen 
Residential 
space 2 
kitchen 
Residential 
space 3 
kitchen 
Residential 
space 1 
bedroom 
Residential 
space 2 
bedroom 
Residential space 
3 bedroom 
 
PM2,5-5,0, μg/m3 
12,62 
(2,51/39,01) 
12,92 
(3,86/46,18) 
26,72 
(7,25/81,53) 
237,65 
(7,28/2112,71) 
27,35 
(6,19/73,19) 
24,93 
(10,73/58,04) 
       
PM≥ 10, μg/m3 25,81 
(2,13/104,84) 
20,16 
(2,31/98,65) 
33,68 
(4,81/330,52) 
302,12 
(8,32/3543,00) 
40,76 
(6,38/252,49) 
36,17 
(2,96/156,43) 
       
CO2,ppm 811 (615/1081) 
2926 
(2324/5532) 
3111 
(2539/4091) 
842 (561/1521) 
2779 
(2556/3104) 
1218 (619/2689) 
       
CO, ppm 1,0 (0,6/1,9) 1,5 (0,5/3,0) 2,4 (0,9/5,8) 0,8 (0,5/1,2) 1,2 (0,7/2,3) 1,2 (0,5/1,8) 
       
T, °C 24,9 
(22,4/26,8) 
22,9 
(21,0/24,3) 
22,9 
(21,0/23,8) 
21,8 (17,7/22,6) 
24,1 
(22,7/26,0) 
24,4 (22,4/25,1) 
       
RH, % 50,4 
(35,8/62,3) 
57,7 
(43,6/69,8) 
54,8 
(41,3/83,4) 
52,2 (43,8/73,0) 
51,8 
(48,0/58,8) 
48,8 (42,2/56,5) 
 
The conclusions of this study highlight that in normal operating conditions of the monitored spaces, there are 
significant concentrations of both fractions of PM2,5-5,0 and PM≥ 10, presented in table 3, which over time can affect the 
health of occupants. The values shown in this study, for the residential space 1 - bedroom, residential space 2 – 
bedroom and residential space 3 – kitchen, the PM2,5-5,0fraction, exceeding the value of 25μg/m3, recommended by 
the World Health Organization [9] and are at comparable levels to those reported in studies conducted 
internationally in Europe, Asia or America [8]. The values of PM2,5-5,0 and PM≥ 10for the residential space 1 – bedroom 
are the results of the renovation works, which have been made during the monitoring process. Related on the carbon 
dioxide concentrations, it can be observed that all recorded values exceed the PELs.  
An example for time variation of PM2,5-5,0 and PM≥ 10values is presented in figure 3. 
 
 
Figure 3 Time variation of PM2,5-5,0 and PM≥ 10values 
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Regarding the ventilation of monitored spaces, one could consider it as typical for the collective buildings in 
Romania [4]. Generally the ventilation system is of organized natural type, with individual (up to 4-storey buildings) 
or common (over 4 floors) shafts built of masonry or precast concrete, which work together with the circulation of 
air by the permeability of building envelope or by windows opening. There are many cases where common shafts 
were dismantled for refurbishing and enlarging the interior space, which interrupted the ventilation system for all 
lower floors. If the windows were changed (which is the case for all studied apartments) with insulated carpentry 
and glazing, the permeability of building enveloped was reduced (thus suppressing the balancing air flow 
infiltration) and the only real ventilating system remaining is opening the windows.  
The ventilation rate in the studied occupied spaces could be estimated at 0.2-0.6 h-1, taking into account the 
measurement periods (transition season), the quality of external carpentry and status of evacuation shafts in the 
considered apartments. Even if the upper value of the mentioned range could be acceptable at the limit as an average 
(taking into account the periods with no occupancy), it is not sufficient to ensure keeping the inorganic compounds 
concentration within admissible limits. 
4. Conclusions 
In the experimental campaign three residential spaces were monitored, located in buildings from urban areas, 
which differ in spatial characteristics (different surfaces and volumes), number of occupants and types of internal 
finishing. The conclusion at the end of the monitoring program highlighted the fact that within all residential areas 
analyzed volatile organic compounds could be found at different concentrations in indoor air. The measured values 
of the VOCs concentrations in living spaces that were the subject of this case study were compared with the limits 
set by Administrative Occupational Health and Safety in the United States (OSHA PEL). All volatile organic 
compounds monitored in this study were within admissible limits, observing that these concentrations are directly 
influenced by the number of present occupants and indoor activities. 
It appears that in all three monitored residential spaces there are high concentrations of carbon dioxide, which 
exceeded up to three times the limit allowed in indoor air. These high values of the concentrations of carbon dioxide 
in the space of a kitchen are justified since the cooking activities results in generation of carbon dioxide by 
combustion. It is interesting to note that, the same high concentrations are found in the bedrooms leading to the 
conclusion that these spaces are deficient in terms of ventilation and of the assurance of necessary fresh air. 
When increasing the air tightness of building envelope, the natural ventilation system should be analyzed and 
made functional (e.g. by ensuring that the evacuation shafts are in order, air circulation between internal spaces is 
permitted and external windows are provided with pressure/humidity controlled window vents. In the case of energy 
renovation (in particular for achieving low energy standards [2]), designing and installation of mechanical 
ventilation systems with heat recovery should be required both for ensuring the correct indoor environment quality 
and energy savings. 
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